Three numerical puzzles occur at the 0.1% level in top-quark decay. The puzzles involve the t → W + b decay helicity amplitudes and the observed masses of these three particles.
On occasion, the development of our knowledge of the weak interaction has been advanced by the solution of a phenomenological puzzle. In this paper we report on three very interesting numerical puzzles at the 0.1% level in top-quark decay [1] . We found these puzzles by searching for empirical ambiguities between the standard model and possible single additional Lorentzstructures that will occur in the ongoing [2] and forthcoming [3, 4] top-quark decay experiments at hadron and l − l + colliders. One empirical consequence of the puzzles is that it is important to search for effects of a large chiral weak-moment of the top-quark. The effective coupling scale is Λ + ∼ 53GeV . The puzzles involve both the t → W + b decay helicity amplitudes and the observed masses of these three particles. A full theoretical resolution of them would include relating the origin of such a top-quark's chiral weak-moment and the mass generation of the top-quark, the W-boson, and probably the b-quark.
There are four types of analytical relations, see (i)-(iv) below, which are a deeper realization of 2 of the 3 numerical puzzles associated with the "(V − A) + (f M + f E )" phase-type ambiguity.
We will denote respectively the "Standard Model's" and the "(V − A) + (f M + f E )" coupling's amplitudes by an (SM) and (+) subscript. Although a large chiral weak-moment changes the t R to b L transition amplitude, it does not drastically effect the SU(2) L X U(1) Y gauge structure. Accordingly, with present knowledge, it is less radical to consider an unexpected intrinsic property of the top-quark itself, instead of a tree-level occurrence of an additional EW coupling.
For a most general treatment of additional Lorentz structures to pure V − A, we consider the g i or Λ i as complex phenomenological parameters. For g L = 1 units with g i = 1, the nominal size of Λ i
where φ is the Higgs field.
In the t rest frame, the matrix element for
where µ = λ W + − λ b in terms of the W + and b-quark helicities. The asterisk denotes complex conjugation. The final W + momentum is in the θ t 1 , φ t 1 direction and the b-quark momentum is in the opposite direction. λ 1 gives the t-quark's spin component quantized along the z axis. λ 1 is also the helicity of the t-quark if one has boosted, along the "−z" direction, back to the t rest frame from the (tt) cm frame. It is this boost which defines the z axis in the t-quark rest frame for angular analysis [1] .
To be able to quantitatively assess future measurements of competing observables in t → W + b decay, we considered [1] the g V −A coupling values of the helicity decay parameters versus those for " (V −A) + single additional Lorentz structures." There are 2 dynamical phase-type ambiguities (S+ P ) and (f M +f E ), see Table 1 . The occurrence of these two dynamical ambiguities is not surprising for these 3 chiral combinations only contribute to the L-handed b-quark amplitudes as m b → 0.
However, associated with the latter (f M + f E ) ambiguity, there are 3 very interesting numerical puzzles at the 0.1% level: The first puzzle is that the A + (0, −1/2) amplitude for g L +g f M +f E has the same value in g L = 1 units, as the A SM (−1, −1/2) amplitude in the SM. From the empirical t-quark and W-boson mass values [5] , the mass ratio y = m W mt = 0.461 ± 0.014. This can be compared with the puzzle's associated mass
. which follows by expanding in the mass ratio
Since empirically x 2 ≃ 7 · 10 −4 , there is only a 4th significant- figure 
for separately i =(SM), (+). This condition relates the two amplitudes which change sign, i.e.
the amplitudes with µ = λ W − λ b = −1/2, to the two amplitudes which do not in the case of the 3 numerical puzzles. The third relation is (ii):
This relation is for the sign-flip amplitudes, c.f. Table 1 , but the analogous one is also true for the non-sign-flip amplitudes.
Due to (ii), the two (i) relations imply but are stronger than simply an independent equality of the ratios of the (SM) and (+) amplitudes which do/do-not change sign, i.e. the existence of 3
relations is a stronger result than is apparent from only the 2nd and 3rd numerical puzzles.
On the other hand, the two (i) relations can be rewritten to relate the ratios of left-handed and right-handed amplitudes for each coupling, that is
Consequently, by determining the effective mass scale Λ + = Λ + (m W /m t , m b /m t ) so that there is an exact equality for the ratio of left-handed amplitudes (iii):
the normalized A N ew = A g L =1 / √ Γ amplitudes for the SM and for the case of a (g L + g f M +f E ) coupling are exactly equal in magnitude to all orders in y and x, with Λ + ∼ 53GeV . The formula The first numerical puzzle, i.e. the equality (iv):
does depend on the empirical value of the mass ratio m W /m t . It is not obvious whether (iv) is an exact or approximate relation and, unfortunately, the empirical masses will not be better known for some time. The equality (iv) is equivalent to Eventually, as a test of (iv), a measurement of v at a l − l + collider near the tt-threshold might be better than using the empirical mass ratio y = m W mt .
In summary, the four analytic-type relations can be characterized by a tWb-transformation −1, −1, 1) due to (i) thru (iii), and where
with v the real root of √ 2 = v 1+v 1−v due to relation (iv). In (10), an overall factor of m
is omitted versus the formulas in [6] for the helicity amplitudes in terms of the couplings (1, 2) . In (10), (iv) has been used for the two components involving the longitudinal component of the W.
It is not clear whether there is a dynamical mechanism and/or a mathematical-symmetry origin for such a tWb-transformation.
As the simplest assumption, the top-quarks described by the SM weak decay amplitude and those described by the (+) weak decay amplitude are presumed identical except for their differing chiral weak-moments. Since (i) nothing sufficiently fundamental appears to forbid a coexistence of both types of top-quarks and since (ii) the explanation of the first numerical puzzle (9) might involve a dynamical equilibrium requirement, it is important to perform simple tests so as to empirically constrain that possibility. The (+) types would occur with a longer lifetime and there are simple differences in stage-two spin-correlation functions: If for simplicity only b L amplitudes are considered, then for the general angular distribution in the (tt) cm frame, i.e. in Eq(62) of [6] , the product of decay density matrices R λ 1 λ ′
for the top and anti-top is to be replaced according to
In (11), the |c t,T | 2 are respectively the unknown probabilities to produce the top-quark without/with the large chiral weak-moment via a specific non-weak interaction production process.
This equation is a compact, schematic display of the terms arising from the, now four, composite , c.f. [6] . The helicity parameters of [6] were normalized by the partial width assuming a single kind of t-quark whereas in (11) the overall normalization includes a factor (|c t | 2 + v 2 |c T | 2 ) 2 . From (11), measurement of both this factor and, e.g., the ratio (|c t | 2 − v 2 |c T | 2 ) 2 /(|c t | 2 + v 2 |c T | 2 ) 2 can be used to constrain the possibility of simultaneous non-zero values of |c t,T | 2 . By (11), it is evident that a W longitudinal/interference measurement is not needed, i.e. the Γ i Γ j terms are sufficient. If indirect signatures for coexistence were to be found, it would obviously then be desirable to perform a direct lifetime experiment to confirm and better investigate the coexistence. It is to be noted that (11) is model dependent regarding other interactions of the t, T : the use of |c t,T | 2 assumes both universality and factorization; both t, T
have been assumed to decay weakly into common final states with the sign and "v" differences per (10). 
